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Summary
Epithelial tubes are found in many vital organs and
require uniform and correct tube diameters for opti-
mal function. Tube size depends on apical membrane
growth and subapical cytoskeletal reorganization, but
the cues that coordinate these events to ensure func-
tional tube shape remain elusive. We find that epithe-
lial tubes in the Drosophila trachea require luminal
chitin polysaccharides to attain the correct diameter.
Tracheal chitin forms a broad transient filament
within the tubes during the restricted period of expan-
sion. Loss of chitin causes tubular constrictions and
cysts associated with irregular subapical cytoskeletal
organization, without affecting epithelial integrity and
polarity. Analysis of previously identified tube expan-
sion mutants in genes encoding septate junction pro-
teins further suggests that septate junction compo-
nents may function in tubulogenesis through their
role in luminal matrix assembly. We propose that
the transient luminal protein/polysaccharide matrix is
sensed by the epithelial cells and coordinates cy-
toskeletal organization to ensure uniform lumen di-
ameter.
Introduction
Tubular epithelia are found in organs of higher eukary-
otes, like the lung, kidney, pancreas, and several
glands, and their function critically depends on the size
and shape of each tube in the network. Most biological
tubes are built from single epithelia with the apical sur-
face facing the lumen. The newly formed branches
often have a narrow lumen that expands during devel-
opment to attain mature diameter in a process in which
cell number and cell shape changes are coordinated to
generate uniform tubes of distinct lumen size (Hogan
and Kolodziej, 2002; Lubarsky and Krasnow, 2003; Ri-
beiro et al., 2004). Genetic and molecular studies of lu-
men growth in different animal models have highlighted*Correspondence: anne.uv@medkem.gu.se
4These authors contributed equally to this work.the composition of the apical surface and its underlying
actin cytoskeleton as central aspects of tube diameter
expansion and maintenance (Boletta and Germino,
2003; Buechner, 2002; Gobel et al., 2004; Hemphala et
al., 2003; Myat and Andrew, 2002; Wu and Beitel, 2004).
However, the mechanisms that measure lumen size and
coordinate epithelial cell behavior to shape uniform
tube diameters are not yet understood.
The Drosophila trachea is an epithelial tubular net-
work generated through a highly stereotyped series of
branch sprouting and fusion events (Affolter et al.,
2003; Ghabrial et al., 2003; Metzger and Krasnow, 1999;
Uv et al., 2003), and the molecular control of tracheal
branching is similar to the regulatory principles of lung
morphogenesis (Affolter et al., 2003; Metzger and Kras-
now, 1999; Warburton et al., 2000). Tracheal tube diam-
eter expansion occurs during specific time intervals,
but the genetic programs that determine correct tube
dimensions appear to be genetically uncoupled from
those that pattern the network (Beitel and Krasnow,
2000). Although a number of mutants with overgrown
tubes have been identified, the cellular defects leading
to this phenotype remain poorly understood (Beitel and
Krasnow, 2000; Hemphala et al., 2003). Many of these
mutants disrupt genes encoding septate junction (SJ)
components (Behr et al., 2003; Llimargas et al., 2004;
Paul et al., 2003; Wu et al., 2004). Drosophila SJs, like
vertebrate tight junctions, provide a paracellular diffu-
sion barrier across the epithelium (Tepass et al., 2001;
Anderson, 2001), but the role of SJ proteins in tube ex-
pansion appears to be unrelated to their barrier func-
tion (Paul et al., 2003).
Here, we describe a developmental requirement for
chitin in tube size regulation of the Drosophila trachea.
Chitin is one of the most abundant polymers in nature,
and its repetitive structure provides a multivalent tem-
plate for interaction with other molecules to build highly
ordered assemblies. The only described function for
this polysaccharide in metazoans so far is its contribu-
tion to the arthropod exoskeleton. We find that chitin
forms a transient luminal matrix during tracheal branch
growth and is required for uniform tube diameter ex-
pansion.
Results and Discussion
Chitin Is Required for Uniform Tracheal
Tube Expansion
We identified a tube expansion mutant inactivating the
krotzkopf verkehrt (kkv) gene. kkv encodes CS-1, one
of the two Drosophila chitin synthases (Ostrowski et al.,
2002), and labeling of embryos from predicted kkv null
alleles (kkvDZ8 and kkv1, and the P element allele
kkvl(3)s017909) with the tracheal lumen antibody 2A12 re-
veals severe tube dilations and cysts in all multicellular
branches at the end of embryogenesis (Figures 1A and
1B). We focused our analysis on the main dorsal trunk
(DT) with 2–5 cells surrounding the lumen circumfer-
ence, but even the narrower tubes made by rows of
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424Figure 1. Chitin-Deficient Embryos Develop Cysts and Dilations
(A and B) Stage-16 (A) wild-type and (B) kkvmutant embryos labeled with tracheal lumen antibody 2A12. kkvmutants display irregular tracheal
tube shapes (arrows point to dilations in the narrow dorsal branch), but no defects in branch patterning. The box in (A) depicts the dorsal
trunk (DT) region analyzed in high magnification in (C)–(F).
(C–F%) At stage 14, the 2A12 antigen begins to accumulate in the (C) wild-type DT lumen, but is reduced in the lumen of (D) kkv mutants, (E)
embryos treated with Nikkomycin, and (F) embryos that express UAS-Cht2 driven by Btl-Gal4 in all tracheal cells. The spotted staining in
tracheal cells is similar in all embryos. At early stage 15, the wild-type DT lumen expands uniformly (compare [C] and [C#]). In contrast, the
DT lumen of (D#) kkv mutants, (E#) Nikkomycin-treated embryos, and (F#) chitinase expressing embryos remain constricted at branch fusions
(arrows). In addition, the tube becomes excessively overgrown between the fusion junctions. (D$) kkv mutants, (E$) Nikkomycin-treated
embryos, and (F$) chitinase-expressing embryos remain constricted at branch fusions during stage 15 and continue to develop excessive
tube dilations in the remaining DT branch compared to (C$) wild-type embryos. During stage 16, the (D%) kkv mutant DT becomes extensively
elongated compared to the (C%) wild-type trunk, while tubular dilations and constrictions are maintained. Analogous phenotypes are found
in (E%) Nikkomycin-treated embryos and in (F%) embryos expressing tracheal chitinase.
The scale bars in (A) and (B) are 25 m, and the bars in (C)–(F) are 15 m.single cells folding over themselves, like the dorsal and
ganglionic branches (Uv et al., 2003), displayed irregu-
lar lumen sizes (arrow in Figure 1B). In addition, the
ganglionic branches showed discontinuities at the bor-
ders of the ventral nerve cord (data not shown).
Accumulation of 2A12 antigen in the DT lumen starts
just prior to its tube expansion at stage 14, and it con-
tinues throughout the tube growth period (stage 15)
(Beitel and Krasnow, 2000). At stage 14, a reduced lu-
minal accumulation of the 2A12 antigen is evident in
kkv mutants (Figures 1C and 1D). Soon after, when the
DT lumen diameter begins to expand in a uniform man-
ner in wild-type embryos, kkv mutants fail to expand
their lumen at the DT fusion junctions (arrows in Figures
1C# and 1D#). In addition, as DT growth proceeds, the
DT segments between the constrictions become ex-
cessively dilated in the mutants (Figures 1C$ and 1D$),
resulting in cystic tubes. At stage 16, the DT also ap-
pears to be highly convoluted (Figures 1C% and 1D%).
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2onsistent with the observed requirement for CS-1 in
ube expansion, the kkv transcript is detected in tra-
heal cells from stage 12 (Figure S1; see the Supple-
ental Data available with this article online). The other
rosophila chitin synthase (CS-2) was not detected in
he embryonic trachea (Figure S1), suggesting that CS-1
s the sole source of chitin at this stage.
Insect chitin synthases are integral membrane pro-
eins that link cytosolic UDP-N-acetyl-D-glucosamine
GlcNAc) residues into long β1,4 glucan chains that ex-
rude from the apical surface. Since the only known
unction for chitin in insects is its contribution to the
uticle (Merzendorfer and Zimoch, 2003), we asked if
he early tracheal function of CS-1 in tube expansion
epends on its chitin synthase activity or a yet uniden-
ified function of the protein. The peptidyl nucleoside
ikkomycin is a GlcNAc analog and a competitive in-
ibitor of chitin synthases (Cabib, 1991; Tellam et al.,
000). The offspring of wild-type adult flies fed with Nik-
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425komycin did not hatch and displayed cuticle pheno-
types identical to those of kkv mutants (data not
shown). The same drug dose also caused tracheal phe-
notypes indistinguishable from those of kkv mutants
(Figures 1E–1E%). We thus conclude that the catalytic
activity of CS-1 is required for tracheal tube expansion.
To further establish the function of chitin in this pro-
cess, we selectively targeted extracellular chitin by
ectopic expression of a chitinase in the developing
trachea. Chitinases are secreted enzymes that frag-
ment chitin polysaccharides into shorter chains. We
used the UAS-GAL4 system (Brand and Perrimon,
1993) to direct expression of the predicted chitinase en-
coded by CG2054 in all tracheal cells from stage 12.
Ectopic expression of the chitinase could accurately re-
produce all tracheal phenotypes of the mutants (Fig-
ures 1F–1F%), indicating that luminal chitin is required
for tracheal tube diameter expansion.
Chitin Accumulates in a Broad Luminal Filament
during Tube Expansion
The mature trachea is lined by a protective apical cuti-
cle, and its deposition begins at stage 15 (Campos-
Ortega and Hartenstein, 1985). To assess if the function
of CS-1 during tube expansion could relate to an early
function of the growing tracheal cuticle, we examined
cuticle deposition in wild-type and kkvmutant embryos
by transmission electron microscopy (TEM) just after
tube expansion at stage 16.1. The first step in cuticle
production is the deposition of a bilayered envelope,
after which the epicuticle and the chitin-containing pro-
cuticle are deposited between the apical cell surface
and the envelope (Locke, 2001; Moussian et al., 2005).
In the anterior part of the DT in stage-16.1 embryos,
the envelope is still patchy on top of electron-dense
areas in the apical membrane (Figure 2A), whereas a
continuous envelope can be seen in the posterior part
of the trunk (Figure 2B). In kkv mutant embryos at the
same stage, the envelope lining is indistinguishable
from that of wild-type embryos (Figure 2C). Since cutic-
ular chitin is deposited subsequently to the envelope
and epicuticle, and no malfunctions of the cuticular
lining are seen in kkv embryos at stage 16.1, the analy-
sis implies that cuticular chitin production starts after
tube expansion. Thus, the pronounced tube diameter
defects seen in stage-15 chitin-deficient embryos re-
flects another earlier developmental function for chitin.
We visualized the postulated early chitin deposition
in the developing trachea with the fluorescent dye
Congo red, which intercalates between chitin chains
(Cohen, 1993). Congo red labeling revealed the accu-
mulation of a broad chitin cable inside the DT tube be-
ginning at stage 14 (Figures 2D and 2E). The size of
this cable increased as the tracheal lumen expanded
in diameter during stage 15 (Figure 2F); thereafter, its
labeling intensity decreased, and a prominent staining
highlighted the cuticular lining at late stage 16 (Figures
2G and 2H). Neither the early luminal nor the late cutic-
ular Congo red labeling was detectable in kkv embryos
(Figures 2I and 2J) or in chitinase-expressing embryos
(data not shown). We also used wheat germ agglutinin
(WGA), a lectin that recognizes GlcNAc (the building
block of chitin, but also a common component of mem-brane glycosaminoglycans and glycolipids) (Peters and
Latka, 1986), to detect chitin. In wild-type trachea,
WGA labels the apical cell surface and a pronounced
filament inside the lumen (Figure 2K). The main differ-
ence in WGA staining between kkv and wild-type em-
bryos was not along the apical surface, but in the lack
of a uniform filament inside the tracheal lumen of the
mutants (Figure 2L). Thus, expansion of the DT tube
correlates with the assembly and expansion of a chitin-
ous luminal cable, which is absent in the mutants. Pio-
pio (Pio) is another luminal component that is required
for tracheal cell intercalation to form narrow tubes with
autocellular junctions (Jazwinska et al., 2003). Neither
the amount nor the localization of Pio was affected in
the mutants (Figures 3A and 3B). In addition, kkv em-
bryos do not show the characteristic branch breaks
seen in pio mutants (Jazwinska et al., 2003), implying
that CS-1 is required only for the assembly of a subset
of luminal extracellular matrix components.
Loss of Luminal Chitin Affects Subapical
Cytoskeletal Organization
To explore the role of the chitinous matrix on the cellu-
lar architecture of the tracheal epithelium during mor-
phogenesis, we used a set of markers to visualize dis-
tinct subcellular compartments. The DT lumens in both
wild-type and chitin-deficient embryos are surrounded
by a single layer of epithelial cells (Figures 3C and 3D),
and the subcellular localizations of E-Cadherin (DE-
Cad), the microtubule minus end reporter, Nod:β-gal
(Clark et al., 1997), and Crumbs, an apical transmem-
brane protein necessary for cell polarization and as-
sembly of the apical junctions, are not affected upon
loss of chitin (Figures 3E and 3F and not shown), indi-
cating that apical/basal polarity is unaffected. Confocal
projections of DE-Cad (Figures 3E and 3F) and arma-
dillo (Arm, β-catenin; not shown) stainings were also
used to visualize the apical cell circumferences in the
DT epithelium. In the wild-type embryo, the apical junc-
tions form a cobblestone structure connected by three
circles made by the toroidal fusion cells (type III tubes)
(arrow in Figure 3E). The same staining in kkv mutant
embryos uncovers a severely reduced circumference of
the fusion cells already at early stage 15 (arrow in Fig-
ure 3F and data not shown), as well as expanded apical
profiles of cells in the multicellular part of the DT tube
(asterisk in Figure 3F). In late stage-16 embryos, the
DE-Cad staining appeared weaker in places along the
DT. The labeling with apical junction markers also re-
vealed that tracheal cell numbers and cell intercalation
in the type II dorsal and ganglionic branches were unaf-
fected upon loss of chitin, although these branches also
display luminal cysts (Figure S2 and data not shown).
To further investigate the underlying defects in the
apical cell shapes in kkv mutants, we labeled with anti-
sera against Karst, the Drosophila homolog of β-heavy
spectrin (βH-spectrin), an apical cytoskeletal compo-
nent essential for epithelial morphogenesis and apical
junction integrity (Thomas, 2001). In wild-type embryos,
βH-spectrin is distributed equally along the apical sur-
face of tracheal cells (Figure 3G) in a manner similar to
Crumbs (data not shown). In DT cells of kkv mutants,
the apical accumulation of βH-spectrin is irregular, with
Developmental Cell
426Figure 2. A Luminal Chitin Filament Is Pres-
ent in Expanding Tracheal Tubes
(A–C) Transmission electron micrographs
(TEM) of the apical cell surface in DT
transverse sections. (A) In the anterior DT of
wild-type stage-16.1 embryos, the bilayered
cuticular envelope is patchy above the api-
cal cell surface, characteristic for its deposi-
tion (the arrowhead points to the envelope,
and the arrow points to envelope gaps). (B)
In the posterior part of the same trunk, enve-
lope deposition is completed to form a con-
tinuous bilayer (arrowhead). (C) The DT enve-
lope in stage-16.1 kkv mutants appears to be
normal, and the distance between the apical
cell membrane and the envelope is similar in
wild-type and mutant embryos (33 ± 5 nm).
(D–J) The chitin binding fluorophore, Congo
red, detects a growing luminal filament (be-
tween arrowheads) during tube expansion.
The filament forms after (D) stage 13, be-
comes pronounced at (E) early stage 15, ex-
pands during tube expansion at (F) stage 15,
and diminishes during (G) stage 16. In stage-
17 embryos, Congo red labels the apical chi-
tin-rich cuticle with the characteristic taenid-
ial structure (arrow in [H]; the arrowhead
points to remains of the fiber). Both the lumi-
nal and apical Congo red-labeled structures
are absent in kkv mutants ([I], stage 15; [J],
stage 17).
(K and L) (K) Confocal images of WGA-
labeled stage-15 embryos show WGA con-
centration in the wild-type DT lumen (between
arrowheads) and staining along the apical
cell surfaces. (L) kkv mutants at the same
stage show a significantly reduced and dis-
organized luminal WGA level.
The scale bars in (A)–(C) are 0.1 m, the bars
in (D)–(J) are 4 m, and the bars in (K) and
(L) are 10 m.less apical protein in the dilated parts of the tracheal
tubes (Figures 3G and 3H). Thus, the luminal chitinous
matrix may be required to regulate tube morphogenesis
by organizing the subapical cytoskeleton.
Septate Junction Components Are Required
for Chitinous Matrix Integrity
The analysis of chitin-deficient embryos argues for a
key role of a luminal chitinous matrix in tube diameter
expansion; the matrix is needed both for diameter
growth of the DT fusion junctions, and to restrict exces-
sive expansion of the remaining trunk. Excessively di-
lated DT tubes are also seen in mutants that disrupt SJ
components (“SJ mutants”) (Beitel and Krasnow, 2000).
These mutants develop a “sausage-like” DT at stage
15, with tube constrictions at fusion junctions, and the
analysis of three SJ mutants (ATPa, Fas2, and Bulb)
labeled for DE-Cad suggests that the transient tube
constrictions are due to possible delays in fusion
branch expansion, or are caused by the excessive ex-
pansion of the remaining tube (Figure S3 and data not
shown). Another similarity between kkv and SJ mutants
is their characteristic ganglionic branch breaks at the
edge of the nerve cord (Beitel and Krasnow, 2000; Hem-
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hese phenotypic resemblances prompted us to ana-
yze a potential functional relationship between chitin
nd the SJ proteins.
We first analyzed SJ integrity in chitin-deficient em-
ryos. Staining for the SJ proteins Fasciclin3 and Discs
arge 1 in kkv mutants revealed normal levels and dis-
ribution of these markers (Figures 3I and 3J and data
ot shown). In addition, unlike mutants in genes encod-
ng SJ proteins, the trachea of kkv mutant embryos are
ot permeable to a 10 kDa dextran dye (data not
hown), suggesting that the composition and function
f the SJs are not affected in kkv mutants. We next
sked whether SJ mutants display defects in the lumi-
al chitinous matrix. To analyze chitin filament integrity
n SJ mutants, we labeled three SJ mutants (mega,
TPa, and Fas2) with a chitin binding probe conjugated
o FITC, which detects luminal chitin in wild-type em-
ryos, but not in kkv mutants (Figures 4A and 4B). The
racheal lumen in all three SJ mutants stained for this
hitin binding probe (Figure 4C and data not shown),
ndicating that chitin is synthesized and deposited into
he lumen in these mutants. The texture of the chitinous
atrix was, however, altered in SJ mutants. Luminal
hitin in the wild-type trachea appears to be filamen-
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427Figure 3. Loss of Luminal Chitin Affects Sub-
apical Cytoskeletal Organization
(A and B) The luminal Pio protein appears
to be unaffected in (B) kkv mutant DT (left),
compared to the (A) wild-type (left), shown
by colabeling for Pio (green, left images in
[A] and [B]) and 2A12 (red, right images in [A]
and [B]).
(C and D) The DT lumen is surrounded by a
single layer of epithelial cells in both (C) wild-
type and (D) Nikkomycin-treated embryos,
as seen upon tracheal expression of UAS-
CD8-GFP and labeling with anti-GFP (green).
(E and F) Confocal projections of DE-Cad-
stained stage-16 embryos reveal cobble-
stoned tracheal cell shapes in the (E) wild-type
DT, but irregular apical cell circumferences in
(F) kkv mutant DT (asterisks). The DE-Cad
projections also show a diminished apical
circumference of the DT fusion cells (arrows)
in kkv mutants compared to wild-type.
(G and H) (G) Wild-type stage-15 DT displays
homogenous apical accumulation of βH-spec-
trin (arrowhead). (H) In kkv mutants, βH-spec-
trin accumulation is reduced and irregular
along the apical epithelial surface (arrowhead).
(I and J) Stage-15 embryos labeled with anti-
Dlg1 reveal similar distribution of this SJ
marker in (I) wild-type and (J) kkvmutant em-
bryos.
The scale bars in (A) and (B) are 10 m, the
bars in (C) and (D) are 5 m, the bars in (E)–
(H) are 5 m, and the bars in (I) and (J) are
4 m.tous and has parallel “threads” running along the tube
length (Figures 4D, 4F, and 4H). In SJ mutants, the chitin
matrix is already amorphous at stage 14 and prior to
the appearance of tube size defects, as no filamentous
structure was observed (Figures 4E, 4G, and 4I). More-
over, whereas the wild-type chitinous matrix is confined
to part of the lumen, leaving a narrow gap to the apical
tubular epithelium, the chitinous matrix in SJ mutants
appears to be diffuse and fills the lumen (Figures 4H
and 4I). These early defects in chitinous matrix integrity
in SJ mutants suggested that SJ proteins may exert
their function in tube expansion by enabling uniform
matrix expansion.
If SJ proteins function in a chitinous matrix-depen-
dent pathway, the simultaneous disruption of CS-1 ac-
tivity and SJ components would not be predicted to
cause enhanced tracheal tube size defects. We ana-
lyzed the tracheal phenotypes of seven SJ mutants
(mega, ATPa, Fas2, Lac, Nrx4, Cora, and Sinu) that in
addition lack CS-1 activity. In all of these embryos, we
observed a striking loss of luminal 2A12 levels in the
trachea (Figures 4J–4M, Figure S3, and data not
shown). SJ mutants were previously reported to exhibit
reduced luminal 2A12 levels (Wu and Beitel, 2004), and
the additive loss in luminal 2A12 accumulation in em-
bryos deficient for chitin and SJ proteins indicates that
SJ proteins may be needed for the deposition or sta-bility of luminal components other than chitin. Impor-
tantly, we find that loss of single SJ components in chi-
tin-deficient embryos does not enhance the tube size
or branch integrity defects seen in kkvmutant embryos,
as assayed with AJ markers (data not shown) and with
the pan-tracheal lacZ-enhancer-trap 1-eve-1 (Figures
4N–4P). Thus, whereas chitin deficiency and SJ muta-
tions cause additive phenotypes in relation to 2A12 lu-
minal accumulation, the cellular phenotypes of these
chitin-deficient SJ mutants are identical to those of kkv
embryos. Because SJ integrity and barrier function are
not affected in kkv embryos, the results collectively
suggest a function of the SJ proteins in contributing to
the structural integrity of the chitinous luminal filament.
We have described a key requirement for a transient
luminal matrix in the uniform expansion of tracheal epi-
thelial tube diameter. Chitin is a critical component of
this matrix and assembles into a broad filamentous ca-
ble, perhaps in association with other luminal compo-
nents like the 2A12 antigen, and enlarges during the
restricted period of tube expansion (Figure 4Q). The
matrix is needed both for apical expansion of the DT
fusion junction, so it acquires the same lumen diameter
as the remaining branch, and for limiting the dilation of
the remaining part of the trunk, and hence does not
simply push out the tubular epithelium. The chitin fila-
ments may provide a rigid substrate for indirect apical
Developmental Cell
428Figure 4. Defected Luminal Chitinous Matrix
Integrity in Tube Expansion Mutants
(A–C) Lateral view of stage-15 embryos la-
beled with a FITC-conjugated chitin binding
probe (CBP). CBP labels the (A) wild-type,
but not the (B) kkv mutant, tracheal lumen.
(C) CBP also labels the SJ mutant tracheal
lumen with similar intensity as the wild-type
(mega and not shown).
(D–G) Confocal sections of (D and F) wild-
type and (E and G) mega mutant DT labeled
with CBP. (D) A filamentous chitinous cable
is seen in the wild-type trachea from stage
14 onward, when it is slightly folded inside
the lumen. (F) This chitin cable grows during
tube expansion and remains filamentous in
its appearance (stage 15). (E) In SJ mutants,
the chitinous luminal matrix has abnormal
texture from its formation at stage 14 (mega
and not shown), as it fails to form a filamen-
tous structure. (G) This defect is evident
throughout DT diameter expansion (early
stage 15).
(H and I) Confocal sections of stage-15 (H)
wild-type and (I)megamutant DT expressing
the tracheal lacZ enhancer-trap 1-eve-1 co-
labeled with CBP (green) and anti-β-gal (red).
(H) Whereas the wild-type chitinous filament
is confined to the central part of the lumen,
leaving clear gaps between itself and the
apical epithelial surface, the (I) filament in
mega mutants is diffuse and fills the entire
lumen.
(J–M) Early stage-15 (J) wild-type, (K) Fas2,
(L) kkv, and (M) Fas2;kkv DTs labeled with
2A12. All images are obtained with identical
confocal settings on embryos stained in par-
allel. The luminal 2A12 antigen is reduced in
Fas2 mutants, mislocalized in kkv mutants,
and absent in Fas2;kkv double mutants, but
the spotted intracellular staining is compara-
ble in all genotypes.
(N–P) DT tube shape visualized in stage-16.1
embryos expressing 1-eve-1 and colabeled
with anti-β-gal (green) and 2A12 (red). (N) In
mega embryos, 2A12 is uniformly distributed
in the convoluted DT lumen. (P) Upon Nikko-
mycin-treatment, mega mutants exhibit se-
vere reduction in luminal 2A12, but the (O)
epithelium is intact and shows the same
shape anomalies as the Nikkomycin-treated
wild-type embryos.
(Q) A schematic model for luminal chitinous
matrix function during tube expansion. Chi-
tin chains in the expanding lumen assemble into a functional filament by interactions with other luminal components, some of which may
require SJ proteins for their luminal presence. Loss of chitin abolishes chitinous luminal matrix function and causes lack of fusion cell
expansion and overelongation of the cuboidal epithelium. The altered texture of the chitinous filament in SJ mutants may impair uniform
matrix expansion and consequent alterations in tube shape (not drawn).
The scale bars in (A)–(C) are 35 m, the bars in (D), (E), (H), and (I) are 5 m, the bars in (F) and (G) are 5 m, the bars in (J)–(M) are 7.5 m,
and the bars in (N)–(P) are 7.5 m.epithelial surface attachment to prevent excessive cel-
lular elongation of the cuboidal epithelium and, at the
same time, force diametric expansion of the toroidal
fusion cells. Alternatively, the matrix may act as a cush-
ion to equilibrate apical tension forces by its uniform
expansion upon increased lumen volume, thereby pro-
moting equal structuring of the subapical cytoskeleton
and uniform diameter.
Tube size control is a fundamental aspect of tube
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vorphogenesis in all species, and analogous luminal
caffolds may model the epithelial tube diameter of
ther organs. A regulation of lumen shape by apically
ecreted proteins is also suggested for the Drosophila
alivary gland (Seshaiah et al., 2001) and could well be
unctional in vertebrate tubular organ development.
uch putative matrices may involve components that
re characteristic for each tissue, like hyaluronan in the
ertebrate kidney and lung, and involve a common
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429mechanism for subapical cytoskeletal organization to
promote functional uniform tubes.
Experimental Procedures
Fly Strains
The following mutant kkv alleles were used: kkv1 and kkvDZ8 (amor-
phic ethyl methanesulfonate-induced mutations [Ostrowski et al.,
2002]), and kkvl(3)s017909, identified in a P element screen for tra-
cheal mutants (J.H. and C.S., unpublished data). Other tube expan-
sion mutants used were sinu06524, megaG0012 (also called pckG0012
in Flybase), bulbk11012b, vari 03953b, and nrx4304, all obtained from
the Bloomington Stock Collection; cora1 and cora14 (from Rick
Fehon); and Fas2EB112 and AtpaS067611. The Btl-Gal4 driver line ex-
presses GAL4 in all tracheal cells from stage 12–13, and it was
used to drive tracheal expressions of the UAS strains: UAS-Nod-
lacZ (a chimeric construct in which LacZ is fused to the microtu-
bule minus end motor Nod; provided by Yuh-Nung Jan), UAS-a-
catenin, UAS-CD8-GFP, and UAS-cht2 (generated by standard
germline transformation of a pUAST plasmid containing the open
reading frame of cht2 [CG2054] excised from cDNA LP28264 with
EcoRI and XhoI).
Chitin Labeling
For WGA labeling, embryos were incubated in Alexa-488-conju-
gated WGA (Molecular probes) at 1:1500 for 30 min, and embryos
were analyzed by confocal imaging. Congo red labeling was per-
formed on embryos fixed for 10 min in 4% formaldehyde/PBS, de-
vitellinized with methanol, and permeabilized in PBS with 0.05%
Tween. Incubation in Congo red (Sigma; 0.5 mg/ml in PBS) for 15
min was followed by four 5 min washes. Embryos were mounted in
50% glycerol and analyzed by confocal microscopy. Chitin labeling
with FITC-conjugated chitin binding proteins (New England Bio-
labs) was achieved by adding 1/1000 dilution of the probe to the 3
hr secondary antibody incubation and mounting in Prolong anti-
fade (Molecular Probes).
Nikkomycin Feeding
Adult flies were fed Nikkomycin Z (Calbiochem) to inhibit endoge-
nous chitin synthases in their embryonic offspring. A 10 mg/ml Nik-
komycin Z solution in water was mixed with heat-inactivated yeast
paste to generate a final concentration of 0.5 mg/ml, and this mix-
ture was placed on a piece of parafilm on apple plates. Flies were
fed Nikkomycin-containing yeast for 2 days before embryo collec-
tions.
Immunochemistry, In Situ Hybridizations, and Transmission
Electron Microscopy Analysis
See Supplemental Experimental Procedures.
Supplemental Data
Supplemental Data including three figures and Supplemental Ex-
perimental Procedures are available with this article at http://
www.developmentalcell.com/cgi/content/full/9/3/423/DC1.
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